The phosphohydrolase activity of a light microsomal fraction isolated from corn roots (Zea mays L. cv LG 55) was investigated. The fraction, which appears to be enriched in endoplasmic reticulum and Golgi membranes, has ATPase and pyrophosphatase activities that hydrolyze ATP and Pyrophosphate-driven proton pumps have been found in a tonoplast-enriched fraction and in a Golgi-enriched fraction of maize coleoptiles (4), as well as in the tonoplast of red beet storage roots (25, 26) , oat roots (32), and corn roots (5).
is not well defined. Furthermore, it is not well established whether in the various subcellular fractions, PPase and ATPase activities derive from the same enzyme or from distinct enzymes. The different detergent solubilities of the PPase and ATPase (30) , as well as their different ion requirements (13, 31) , sensitivity to inhibitors (32) , and additive activities (4) , indicate that membrane-associated PPase and ATPase are distinct phosphohydrolases. Furthermore, in tonoplast vesicles of oat roots and red beet roots, they were physically separated by chromatography of detergent-solubilized membranes in Sepharose CL-GB columns (32) and Sephacryl-400 columns (26) , respectively.
On the other hand, IDPase has been reported as an exclusive marker for Golgi membranes of higher plant cells (10, 19, 20, 24) . However, several NDPases have been found also in other cell constituents such as the endoplasmic reticulum, plasma membrane, and tonoplast (10) . Although the function ofthese enzymes is not well known, it has been suggested that NDPases are involved in the synthesis or secretion of polysaccharide-rich products (10) .
In this work, we studied the phosphohydrolase activity in a light microsomal fraction of corn roots, and investigated the individuality of the enzymes that utilize different energy-rich with tap water, and soaked in running tap water for about 24 h. Seeds were then germinated on damp paper towels in plastic trays in a darkened growth cabinet for 4 to 5 d at 25C.
Preparation of Microsomal Vesicles
Entire primary roots were excised from seedlings and chopped into 1 to 0.5 cm segments in the isolation medium containing 250 mm sucrose, 1 mm EDTA, 1 mm DTT, 100
Mm PMSF, 25 mm Tris, and 25 mm Mops (pH 7.6). The roots were ground with a chilled mortar and pestle and then homogenized in a Waring Blendor for 20 s in the isolation medium (2 mL/g fresh weight). After filtration through two layers of cheesecloth, the homogenate was centrifuged at l0,OOOg for 20 min. The mitochondrial pellet was discarded, and the supernatant was centrifuged again at 80,000g for 1 h. The microsomal pellet was suspended in a buffer solution containing 250 mm sucrose, 0.1 mM EDTA, 5 mM Tris, and 5 mM Mops (pH 7.0).
Isolation of Light Microsomes
After diluting the microsomal preparation to about 24 mL with the suspension buffer, aliquots of 4 mL were layered on the top of 30 mL discontinuous sucrose density gradients (16: 34:40%, w/w) containing 5 mM Tris and 5 mM Mops (pH 7.0). Then, the material was centrifuged at 90,000g for 3 h. The light membrane fraction, collected onto the 16% sucrose layer, was diluted with 5 
RESULTS

Characterization of ATPase and PPase Activities in Light Microsomes of Corn Roots
The light microsomal fraction isolated from corn roots was studied with respect to its phosphohydrolase activity. Figure 1 shows that light microsomes displayed an ATPase activity that was higher in a sulfate-containing medium than in a chloride-containing medium. Furthermore, it was not sensitive to Ca2" over Mg2"; it was stimulated by detergents and it was inhibited by the anion transport blocker, 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS). It appears that sulfate-stimulated ATPase is an intrinsic component of the membrane, which has high sensitivity to DIDS. As shown in Figure 2A , ATP hydrolysis followed the Michaelis-Menten kinetics in a sulfate-containing medium. The ATPase activity was increased as the Mg-ATP concentration increased in the medium up to about 1 mm. Hanes-Woolf analysis showed that the ATPase had an apparent Km for Mg-ATP of about 160 Mm and a V.max of about 180 nmol Pi mg protein-' min' (Fig. 2A, inset) .
The light microsomal fraction of corn roots also had PPase activity (Fig. 2B) . The values obtained for Km (PPi) were about 240 ,uM and those obtained for Vmax were about 100 nmol Pi mg protein-' min-', which correspond to 50 nmol PPi hydrolyzed mg protein' min'. Therefore, it appears that PPase has lower affinity and lower capacity to react with PPi as compared with the ability of ATPase to react with ATP.
To investigate whether these phosphohydrolase activities derive from the same enzyme or from different enzymes, we studied the sensitivity to the inhibitor molybdate. In agreement with previous results (18) 3A , c, c', c" bars), whereas the molybdate-insensitive ATPase (cross-hatched bars) was inhibited by PPi (2 mM), particularly at low concentrations of ATP. At 0.5 mM ATP, PPi inhibited the ATPase by about 47% (Fig. 3A, arrow 1 ), whereas at 2 mM ATP, only 5% inhibition occurred (Fig. 3A, arrow 3) . These findings were supported by the results depicted in Fig.  3B . In these experiments, ATPase activity was determined by measuring 32Pi liberation from [32P]ATP in the presence of molybdate. As in Fig. 3A , the same type ofATPase inhibition was observed in the presence of PPi.
The results indicate that ATP had no effect on the PPase (0.5) (0.5 + 2) (1) (1+ 2) (2) (2 +; activity, whereas PPi inhibited the ATPase by a process that was essentially competitive, as judged by the low inhibitory effect found at high ATP concentrations (2 mM) (Fig. 3A, B) . Indeed, Hanes-Woolfanalysis depicted in Figure 4 shows Figure 5A shows that at pH 4.8 PPase was greatly reduced (approximately 65% from the maximum at neutral pH), whereas the acid phosphatase was maximal (approximately 360 nmolp-nitrophenylphosphate hydrolyzed mg protein-' min-') ( Fig. 5B ). In contrast, at pH 7.0, which was optimal for the PPase (Fig. 5A ), little acid phosphatase was observed (Fig. 5B ). It appears, therefore, that PPase activity is distinct from the acid phosphatase. On the other hand, we observed that PPase activity (Fig. 5A) , as well as acid phosphatase activity (Fig. 5B) , were strongly inhibited (approximately 80%) at pH 8.5 (Fig. 5A, B ). It appears that the PPase activity observed here does not correspond to the alkaline PPase (pH 8.5) reported by several investigators in tonoplast membranes (13, 25, (30) (31) (32) Light microsomes of corn roots have a high IDPase activity that increased by storage at low temperatures (0-4"C) and by treatment with detergents, in agreement with previous investigations (14, 19, 21) . Furthermore, it was not significantly sensitive to molybdate and it was not altered in the presence or absence of sulfate (results not shown).
As observed previously (21), the IDPase activity was higher in the presence of Triton X-100 than in its absence (Fig. 6 ). This latent activity increased as IDP concentration increased in the medium up to about 2 mm. Above this concentration, stimulation by Triton decreased up to about 5 mM IDP. It appears that when IDPase is fully active in the presence of detergent, it is saturated at low concentrations of IDP. Therefore, detergent must eliminate the enzyme activation promoted, in intact membranes, by high IDP concentrations (Fig. 6) Using molybdate as an inhibitor of the PPase, we could distinguish the activity ofthis enzyme from that ofthe IDPase. Figure 7 shows that, in the presence of both substrates, PPi and IDP, the PPase activity, which is obtained by subtracting the phosphohydrolase activity in the presence of molybdate from the total activity in the absence of molybdate, was not altered by several concentrations of IDP (0.5, 1, and 4 mM) (Fig. 7, dotted bars) . This indicates that, when both substrates are added together to the reaction medium, the PPase is not altered by IDP. In contrast, the IDPase activity, which is evaluated by the remaining phosphohydrolase activity observed after addition ofmolybdate (Fig. 7, cross-hatched bars) , was lower in the presence of PPi compared with that observed in its absence (Fig. 7) . The results indicate that the IDPase is inhibited by PPi, whereas the PPase is not affected by IDP.
The inhibitory effect of PPi on the IDPase depends on the concentration of IDP (Fig. 7) . We observed 75% of IDPase inhibition by PPi at 0.5 mM IDP in the reaction medium, whereas only 40% inhibition was observed at 4 mM IDP. However, the effect was not due to simple competition. Lineweaver-Burk analysis showed that, under conditions at which PPase does not work (molybdate present), PPi increased the value ofKm (IDP) from about 720 to about 1380 ,M, whereas the Vm. value decreased from about 400 to 260 nmol Pi mg protein-' min-' (Fig. 8) .
The IDPase activity of light microsomes of corn roots was also distinguished from the ATPase activity. Figure 9A shows how the presence of ATP (1 or 2.5 mM) changes the kinetic behavior of the phosphohydrolase activity as a function of IDP concentration. At IDP concentrations above 0.5 mm, we observed that 2.5 mM ATP decreased the phosphohydrolase activity (black circles) as compared to that observed in the absence of ATP (white circles). However, it remained higher (>200 nmol Pi mg protein-' min-') than that (approximately 170 nmol Pi mg protein-' min-') observed when only ATP, at saturating levels (2.5 mM), was present in the medium qi i i Table II, we observed that corn root membranes collected at the sample/ 16%, 16/34% and 34/40% interfaces from the discontinuous sucrose gradients (F16, F34, and F40 fractions) were enriched in endoplasmic reticulum, tonoplast, and plasma membranes, respectively. Indeed, we found higher activity of NADPH-Cyt c reductase (226 nmol reduced Cyt c mg protein-' min-') in the F16 fraction than in the other fractions, whereas the activities of the nitrate-inhibited ATPase (20 nmol Pi mg protein-' min-') and the vanadate-sensitive ATPase (66 nmol Pi mg protein-' min-') were higher in the F34 and F40 fractions, respectively. This membrane distribution is compatible with that previously obtained by other investigators using step gradients of sucrose (1, 6, 22) .
The nitrate inhibition of the F34 ATPase (tonoplast) was essentially visualized in the presence of vanadate, which eliminates the contribution of some contaminating plasma membrane ATPase. In contrast to F34, no inhibition by nitrate was observed in the F16, which indicates absence oftonoplast membranes in the light microsomal fraction of corn roots. This observation was supported by measurements of the molybdate-insensitive alkaline PPase, which was active only in the heavier microsomes (Table II) .
In addition to enrichment in endoplasmic reticulum, F16 also contained Golgi membranes as revealed by the latent IDPase activity (290 nmol Pi mg protein-' min-'), which was higher in the F16 than in the F34 and F40 fractions (Table  II) . Furthermore, F16 is also characterized by a sulfate-stimulated ATPase, which was negligible in the other fractions (Table II) The assays were performed as described in "Materials and Methods." fraction, whereas the other fractions showed some contaminating endoplasmic reticulum membranes. It appears that discontinuous gradients are suitable for isolation of endoplasmic reticulum and Golgi membranes, whereas tonoplast and plasma membranes are better purified in continuous gradients of sucrose.
DISCUSSION
We have characterized the phosphohydrolase activity in a low-density membrane fraction of corn roots that appears to be enriched in endoplasmic reticulum and Golgi membranes. The light microsomal membranes of corn roots contain distinguishable phosphohydrolases that hydrolyze PPi, ATP, and IDP.
The ATPase and PPase activities differ in their kinetic parameters and sensitivity to molybdate. They represent activities of separate enzymes, as was demonstrated by the fact that phosphohydrolysis increased when ATP and PPi were simultaneously added to the reaction medium, even at saturating concentrations. On the other hand, we observed maximal PPase activity at neutral pH (Fig. 5A ), indicating that phosphohydrolysis does not derive from acid phosphatase activity, which works at pH 4.8 (Fig. 5B) .
PPase activity has been reported to be associated with vacuolar membranes (4, 5, 25, 26, (30) (31) (32) . However, the microsomal PPase observed here appears to be distinct from the tonoplast PPase, because it works maximally at pH 7.0 and is sensitive to molybdate, whereas the tonoplast PPase is molybdate-insensitive and it has an optimum pH of 8.5 (13, 25, (30) (31) (32) Figure 8A and B. The IDPase activity was determined by subtracting the ATPase activity (32Pi liberation) from the total phosphohydrolase activity (Pi liberation) under variable conditions of ATP and IDP concentrations. The physiological role of the membrane-bound PPases is still not understood. There is no doubt that ATP is the most important energy donor for the energization of transport across plant cell membranes. However, the involvement of other phosphoesters such as PPi has been recently demonstrated by several investigators (4, 18, 25, 32) .
Although the coupling reactions between PPi hydrolysis and H+ transport are still not known, it appears that plant cell membranes contain an H+-pumping PPase, which is functionally distinct from the ATPase (26, 30, 32 (Figs. 3, 4) .
We also differentiated the IDPase as an enzyme distinct from the other phosphohydrolases. This IDPase was stimulated by Triton X-100 (Fig. 6 ), but to a lower extent than that reported by other investigators (21) . Probably, the enzyme was somewhat activated by previous cold storage (4 d), which, like detergents, stimulates IDPase activity (14, 19) .
Interestingly, we found a high Km value (700 gM) for the native IDPase activity, whereas the latent IDPase had a lower Km value. Furthermore, no increased activity was observed at high concentrations of IDP (>3 mM) in the presence of Triton X-100 (Fig. 6) , which indicates that all enzyme molecules were made fully active by detergent and lost their capacity to be activated by high IDP concentrations. Indeed, the action of Triton in exposing the enzyme has been demonstrated by increased trypsin attack (20 (Figs. 8, 9A ). It appears that PPi and ATP act on the regulatory site of the IDPase, behaving as negative modulators of the enzyme. This site has low affinity for its ligands, because it is sensitive to high concentrations of IDP (>2 mM) and ATP (2.5 mM). As is shown in Table I , 1 mM ATP partially inhibits the IDPase in a manner that is not competitive with IDP, whereas 2.5 mM ATP has a strong inhibitory effect that reflects competition with IDP. It appears that ATP interacts with two sites of the enzyme, but only that of lower affinity serves modulation of the IDPase by ATP and IDP. In contrast to IDPase, PPase is not altered by either ATP or IDP, which indicates that it is not a nucleotide-regulated enzyme. On the other hand, the ATPase appears to be competitively inhibited by PPi (Fig. 4) and noncompetitively inhibited by IDP (Fig. 9B) .
Cytoplasmic PPi is formed from anabolic reactions that occur at high rates during growth of tissues. Under these conditions, PPase activity shifts the equilibrium of reactions in favor of net biosynthesis. Furthermore, the energy of PPi hydrolysis may be utilized to drive proton transport, which probably reduces ATP consumption in membrane transport processes, as suggested by Chanson et al. (4) . The neutral PPase reported here appears to be different from the alkaline proton-pumping PPase that has been found in tonoplast membranes (13, 25, (30) (31) (32) . They differ in their optimum pH value, in their sensitivity to molybdate, and in their distribution in sucrose gradients.
With respect to IDPase activity, it has been reported as a Golgi marker enzyme (24) . Its function is not well established, but it appears to be involved in polysaccharide synthesis (10) , where an NDPase-catalyzed reaction is coupled to a glycosyl transferase-catalyzed reaction (15) . Our results indicate that native IDPase has a regulatory site that is positively modulated by IDP and negatively modulated by PPi and ATP. Additional studies are currently in progress in our laboratory to investigate the function and regulation of all these enzymes.
